Introduction {#Sec1}
============

47% of global energy today is spent on indoor heating and nearly 42% of this energy is wasted to heat empty space and inanimate objects rather than humans^[@CR1]^. Thus, reducing the energy consumption for indoor heating is a crucial part of solving the global energy crisis^[@CR2],[@CR3]^. An emerging paradigm to resolving this issue is personal thermal management, i.e., lowering building heating needs by focusing on heating the human body as per individual needs. An effective means of realizing this approach is a low-profile Joule heating unit that can be pre-sewed on as patch to the clothing we wear near regions of the body where we feel the coldest^[@CR4]--[@CR10]^. One approach to creating such patches is to directly coat existing fabrics with conductive nanomaterials, such as graphene^[@CR11],[@CR12]^, carbon nanotubes (CNTs^[@CR13],[@CR14]^), and metallic nanowires. This coating can be performed via solution approaches such as dip-coating and spray-coating of nanomaterial inks directly on to the fabric. This has advantages over other approaches such as weaving pre-coated fibers^[@CR12]^ which causes coating degradation, using polymer substrate based patches^[@CR15]^ which increases cloth stiffness, or using hard-to-scale vacuum deposition processes^[@CR12]^.

Electrically conductive active fabrics have seen significant interest recently^[@CR16]--[@CR18]^. The solution approach has been used to coat graphene and carbon nanotubes onto fabrics because of their inherently high electrical conductivity and flexibility. Unfortunately, these nanomaterials exhibit high sheet resistance (100--1000 ohm·sq^−1^) after deposition. This is because the junction electrical resistance between the deposited nanomaterials is typically quite high^[@CR19]^, resulting in high electrical resistance of the patch and low thermal performance during joule heating. Overcoming this issue often requires complex chemical processing steps or high temperature annealing which can damage the underlying fabric. Metal nanowires have attracted considerable attention as a promising alternative^[@CR7],[@CR8],[@CR20],[@CR21]^ with silver nanowires being particularly attractive because they are cheaper than gold nanowires and more stable to corrosion and oxidation than copper^[@CR22],[@CR23]^. Further, if the average inter-nanowire spacing is lesser than the wavelength at which the body radiates heat (≈9 µm) then the silver nanowire-coated-fabric also reduces thermal losses from the body while retaining fabric breathability due to porosity of the nanowire network^[@CR7]^. Moreover, such Ag nanowire networks also exhibit antibacterial properties^[@CR24]^ and UV-blocking properties^[@CR25]^. It has been estimated that such Ag nanowire-fabric heating patches can annually save up to 1000 kWh of the energy used to heat the built environment, per person, when used for personal thermal management^[@CR7]^.

The maximum temperature rise required during heating from such personal heating patches is typically 35 °C^[@CR26]^. The relationship between thermal power generation and electrical resistance of such patches is expressed as *Q* = *V*^2^*/R*, where *Q* is the thermal power generated, *V* is the applied voltage, and *R* is the electrical resistance of the patch. High electrical resistance results in greater voltage needed to attain the above temperature rise, and thus low electrical resistance of the patch is highly desirable. Dip-coating and drying at low temperatures is a common method for fabricating Ag nanowire-fabrics, with a reduction in resistance being achieved by increasing the nanowire concentration coated onto the fabric^[@CR7],[@CR8]^. However, this approach also increases the patch cost due to increased total materials cost of nanowires used.

Sintering or annealing of the deposited nanowires, resulting in fusion at the nanowire contact points, is an alternative way to reduce electrical resistance without increasing the nanowire mass used. Several approaches such as laser sintering^[@CR27]--[@CR29]^, plasma processing^[@CR30]^, and electron beam processing^[@CR31]^ have been developed to perform nanowire fusion but are limited by their low throughput, high complexity, considerable environmental obstacles (e.g. vacuum conditions). Oven-based sintering of such nanowire-fabrics has been demonstrated, but requires the coated fabric to be heated to high temperatures for relatively long durations (e.g., 100 °C for 3 minutes^[@CR32]^) that can damage the fabrics. We further note that the Ag nanowire-fabric patches also need to retain their performance under washing, under humid and high temperature environments, and under repeated mechanical bending^[@CR33],[@CR34]^.

Scalable post-deposition processing methods that do not damage the fabric, while retaining the above patch performance characteristics, and reducing the mass of nanowires required, are needed to enable widespread deployment of these fabric-based personal heaters. Intense pulsed light (IPL) from a xenon lamp has been used to excite plasmon resonance induced heating and resulting sintering of metal nanowires on polymer substrates under ambient conditions, within seconds, and without damaging the substrate^[@CR15],[@CR35]--[@CR39]^. Further, the large area capability of such xenon lamps (e.g, optical footprint ≥ 12 inches × 1 inch in this work) lends itself to scalable manufacturing. However, these works have been limited to polymer substrates which have higher thermal damage thresholds and significantly different thermal properties than commonly worn woven fabrics. Printing and IPL sintering of metallic NPs on textiles to fabricate a solid-state fabric-based capacitor^[@CR40]^ and RFID antennas^[@CR41]^ has been demonstrated. However, the focus of these works was on characterizing device characteristics as a function of the printing parameters rather than on identifying the effect of IPL parameters and understanding how it affects durability of the fabric-based devices.

This paper investigates the effect of IPL sintering (Fig. [1a](#Fig1){ref-type="fig"}) on the electrical, thermal, microstructural and durability characteristics of Ag nanowire on woven polyester heating patches (Fig. [1b](#Fig1){ref-type="fig"}). Ag nanowires are deposited on the fabrics using a simple dip-and-dry method. The number of dip-coating cycles is varied, to investigate the effect of added Ag nanowire mass on the performance of the patch. The IPL irradiance and pulse duration are varied to identify the optimum IPL parameters that minimize the electrical resistance of the patch. The effect of the IPL parameters and added mass of Ag nanowires on the micromorphology and crystallinity of the sintered nanowires is characterized via Scanning Electron Microscopy and X-Ray Diffraction. The stability of the IPL-sintered Ag nanowire-fabrics under mechanical, washing, and environmental tests is compared to that of conventionally fabricated nanowire-fabrics. The degree and repeatability of temperature rise of the patch under applied voltage is measured using an infrared camera. It is shown that IPL sintering results in concurrently greater thermal performance and durability of the patch, with lower mass of Ag nanowires than conventional dip-and-dry approaches. Multi-physical modeling is performed to estimate nanoscale optical absorption, temperature gradients on the polyester fibers, and fusion of the nanowires to understand why IPL sintering creates the above advantages.Figure 1Schematic of (**a**) IPL sintering system for Ag nanowire-fabrics and (**b**) the Ag nanowire-fabric with silver paste copper tape adhered to the fabric using silver paste, for applying DC voltage and measuring resistance of the fabric patch.

Results {#Sec2}
=======

Electrical Conductivity and Microstructure {#Sec3}
------------------------------------------

Dip-coating was employed as a nanowire deposition technique due to its simplicity and reproducibility (details in Methods section). This process resulted in the surface of the polyester fabric being coated with Ag nanowires, driven by capillary forces generated at the fabric-liquid interface during solvent evaporation^[@CR42]^. The number of dip coating cycles was varied from one to five, effectively changing the added nanowire mass. Henceforth the number of dip coating cycles is referred to using "Dip-" followed by the number of coating cycles. For example, Dip-5 denotes five dip coating cycles and Dip-3 denotes 3 dip coating cycles. Optical images of the nanowire-fabric patches (Supplementary Fig. [S1a](#MOESM1){ref-type="media"}) show that the fabric color turned from a splotchy and non-uniform light gray to a more uniform black-gray with greater dip-coating cycles. This is because the fabrics were only partially stained by the Ag nanowires ink when the number of dip-coating cycle was lesser than 3^[@CR42],[@CR43]^, but were coated uniformly at and beyond 3 dip-coating cycles. As expected, the sheet resistance of the Ag nanowire-fabric decreased with increasing dip-coating cycles (Supplementary Fig. [S1a](#MOESM1){ref-type="media"}) to 0.71 ohm·sq^−1^ for Dip-3 as compared to Dip-1. However, the resistance did not decrease as significantly from 3 to 5 cycles. This dependence of patch resistance on added nanowire mass has been observed in past work as well^[@CR44]^. The lowest as-deposited sheet resistance of 0.66 ohm·sq^−1^ was achieved after 5 dip-coating cycles. This reduction in resistance is accompanied by an increase in the added mass of Ag nanowires (Supplementary Fig. [S1a](#MOESM1){ref-type="media"}) from 0.06 mg·cm^−2^ for Dip-1 to 0.33 mg·cm^−2^ for Dip-5 samples. SEM images of the as-deposited patches show individual polyester fibers visible for low added nanowire mass (Dip-1, Supplementary Fig. [S1b](#MOESM1){ref-type="media"})) while greater added nanowire mass (Dip-3 and Dip-5, Supplementary Fig. [S1c,d](#MOESM1){ref-type="media"}) results in a loss of visible distinction between individual fibers at the mesoscale due to being covered up with nanowires. At the same time, the mesoscale definition of the weave itself is preserved. Since a uniform coating is obtained after 3 dip coating cycles, IPL sintering and property characterization were performed only for Dip-3 and Dip-5 patches. During IPL sintering the optical irradiance was changed from 6 to 16 kW/cm^2^ by changing the voltage from 2 to 3 kV and changing the pulse duration from 100 µs to 500 µs (Table [1](#Tab1){ref-type="table"}). Further details on the experimental aspects of IPL sintering are provided in the Methods section, along with details on the post-IPL characterization and testing.Table 1IPL parameters used in experiments.Lamp voltage \[kV\]Irradiance \[kW/cm^2^\]Pulse duration \[µsec\]Fluence \[J/cm^2^\]2.061000.592001.193001.784002.375002.972.5101001.012002.033003.044004.065005.073.0161001.572003.143004.714006.285007.85

Figure [2](#Fig2){ref-type="fig"} compares the sheet resistance of the IPL sintered Ag nanowire-fabrics to that of the as-deposited fabric (shown as 0 irradiance). For Dip-3 samples, the post-IPL sintering sheet resistance is lowest at 6 kW·cm^−2^ irradiance (Fig. [2a](#Fig2){ref-type="fig"}). However, for irradiance 10 kW·cm^−2^ or higher the resistance increases again. An explanation for this phenomenon is obtained from SEM images and XRD spectra. When Ag nanowires are exposed to IPL light surface plasmon resonance results in absorbed photons being converted to heat, resulting in rise in nanowire temperature and fusion between the Ag nanowires at their contacts^[@CR35],[@CR45]^. The XRD spectra showed that the full-width at half-maximum (FWHM) of Ag (200), and (220) peaks (JCPDS No. 04-0783) reduces after IPL at irradiance of 6 kW·cm^−2^ and higher (Fig. [3e,f](#Fig3){ref-type="fig"}), indicating that the Ag nanowires are being fused. This is why IPL at 6 kW·cm^−2^ irradiance reduces the resistance. SEM images (Fig. [3c,d](#Fig3){ref-type="fig"}) show that at irradiance higher than 6 kW·cm^−2^ leads to gaps in the mesoscopic Ag nanowire network which are likely responsible for the increase in electrical resistance. The corresponding XRD spectra still show a reducing FWHM for the Ag (111) and (200) peaks, indicating that nanowire fusion is still occurring at these higher irradiances. These mesoscale gaps in the nanowire network could be due to evaporation of the nanowires under excessive IPL irradiance. Figure [2c](#Fig2){ref-type="fig"} shows an optical image of an Ag nanowire-fabric exposed to IPL fluence of 16 kW·cm^−2^ with a pulse duration of 500 µs over approximately half of its area, while the remainder is left unexposed. The nanowire evaporation is clearly demonstrated by observing that the underlying white color of the fabric is partially exposed in the region exposed to IPL. For the Dip-5 case, the sheet resistance decreases with IPL irradiance up to 10 kW·cm^−2^ (Fig. [2b](#Fig2){ref-type="fig"}). Again, the reduction in the FWHM of the Ag (111), (200), and (220) peaks till 10 kW·cm^−2^ irradiance (Fig. [4e,f](#Fig4){ref-type="fig"}) supports nanowire-fusion enabled reduction in resistance. The occurrence of large mesoscale gaps in the nanowire network (Fig. [4d](#Fig4){ref-type="fig"}) at higher irradiance explains the increase in resistance due to nanowire evaporation beyond the above optimal irradiance. Note that the SEM images also show that the average distance between the nanowires is significantly lesser than the peak wavelength of radiative loss from the human body (≈9 µm), indicating that the coated fabrics will concurrently reduce heat loss from the body^[@CR7]^.Figure 2Electrical properties of IPL sintered Ag nanowire-fabrics. Sheet resistance of IPL sintered Ag nanowire-fabrics for different irradiance and pulse duration for (**a**) Dip-3 (**b**) Dip-5 cases. (**c**) Optical image of Ag nanowire-fabric half exposed to IPL irradiance 16 kW·cm^−2^ for 500 µs pulse duration.Figure 3Characterization of Dip-3 Ag nanowire-fabrics. SEM images (**a**--**d**) and the XRD spectra (**e**) of the Ag nanowire-fabrics for pulse duration 100 µs and irradiance (**a**) 0 kW·cm^−2^ (unsintered), (**b**) 6 kW·cm^−2^, (**c**) 10 kW·cm^−2^, and (**d**) 16 kW·cm^−2^; (**f**) The full-width at half maximum (FWHM) for Ag (111), (200), and (220) XRD peaks with the same pulse duration as above.Figure 4Characterization of Dip-5 Ag nanowire-fabrics. SEM images (**a**--**d**) and the XRD spectra (**e**) of the Ag nanowire-fabrics for pulse duration 300 µs and irradiance (**a**) 0 kW·cm^−2^ (unsintered), (**b**) 6 kW·cm^−2^, (**c**) 10 kW·cm^−2^, and (**d**) 16 kW·cm^−2^; (**f**) The full-width at half maximum (FWHM) for Ag (111), (200), and (220) XRD peaks with the same pulse duration as above.

The optimal IPL sintering parameters for Dip-3 samples were 100 µs pulse duration with 6 kW·cm^−2^ pulse irradiance (fluence 0.59 J·cm^−2^), resulting in a lowest achievable sheet resistance of 0.51 ohm·sq^−1^ and a resistance reduction of 28% after IPL (Fig. [2a](#Fig2){ref-type="fig"}). The optimal IPL sintering parameters for Dip-5 samples were 10 kW·cm^−2^ irradiance and 300 µs duration (fluence 3.04 J·cm^−2^), resulting in the lowest resistance of 0.46 ohm·sq^−1^ (Fig. [2b](#Fig2){ref-type="fig"}) and a resistance reduction of 30% after IPL. Since temperature rise and resultant nanowire fusion in IPL sintering is via optically-induced heating, greater amount of nanowire material requires greater heat generation for achieving the activation energy necessary for nanowire fusion. Since the mass of added nanowires is greater for Dip-5 samples than for the Dip-3 samples (Supplementary Fig. [S1a](#MOESM1){ref-type="media"}) the optimal fluence for the Dip-5 samples is also greater than that for the Dip-3 samples.

Mechanical, Environmental and Wash Testing {#Sec4}
------------------------------------------

The mechanical bending tests, environmental reliability tests and wash tests were conducted on the optimally IPL sintered Ag nanowire-fabrics since they have the least electrical resistance. We use the normalized change in resistance *ΔR*/*R*~0~ as an estimate of performance stability of the patch. Here *R*~0~ is the as-deposited or IPL sintered sheet resistance and *ΔR* is the difference between the post-bending sheet/post-washing/post-environmental test sheet resistance and *R*~0~. Supplementary Fig. [S2](#MOESM1){ref-type="media"} shows a photograph of the mechanical testing setup and the displacement history that the nanowire-fabrics were subjected to. The *ΔR*/*R*~0~ of the as-deposited Dip-3 nanowire-fabrics increased by 13% after just 3 bending cycles, followed by an increase all the way up to 35% at 80 cycles, after which the *ΔR*/*R*~0~ reaches a steady state (Fig. [5a](#Fig5){ref-type="fig"}). This indicates a gradual weakening of Ag nanowire contacts causing an increase in the electrical resistance with bending, in the as-deposited Dip-3 sample. The *ΔR*/*R*~0~ of the IPL sintered nanowire-fabric stabilizes to a much lower value of around 12% after only the 20^th^ bending cycle. Again, for the Dip-5 Ag nanowire-fabric the *ΔR*/*R*~0~ of the as-deposited and IPL sintered patch stabilized to around 24--28% and 10--15% respectively after the 10^th^ bending cycle (Fig. [5b](#Fig5){ref-type="fig"}). Thus, IPL sintering significantly reduces the rise in resistance of the nanowire-fabrics under repeated mechanical loading.Figure 5Stability test. The normalized change in sheet resistance during bending test of as-deposited and IPL sintered (**a**) Dip-3 samples and (**b**) Dip-5 samples. (**c**) The normalized change in sheet resistance after washing test for Dip-3 (black) and Dip-5 (red) Ag nanowire-fabrics before (dotted line) and after (solid line) IPL irradiation. Inset shows the washing test setup. The evolution of normalized change in sheet resistance for the Ag nanowire-fabrics before- (black) and after- (red) IPL irradiation under different temperature and humidity conditions; (**d**) Dip-3, 70 °C-40% RH, (**e**) Dip-5, 70 °C-40% RH, (**f**) Dip-3, 25 °C-75% RH, and (**g**) Dip-5, 25 °C-75% RH. (Dip-3 IPL parameters: 6 kW·cm^−2^, 100 µs; and Dip-5 IPL parameters: 10 kW·cm^−2^, 300 µs).

In washing tests (Fig. [5c](#Fig5){ref-type="fig"}) the *ΔR*/*R*~0~ of the as-deposited and IPL sintered Ag nanowire-fabrics is stable until the second washing cycle. Starting from the third washing cycle, the *ΔR*/*R*~0~ for the as-deposited Dip-3 and Dip-5 samples increases with number of washing cycles to a maximum of 65% and 90% respectively. On the other hand, the increase in *ΔR*/*R*~0~ for the IPL sintering samples was remarkably lesser (30% and 12% for Dip-3 and Dip-5 samples respectively), clearly showing the higher durability of the IPL sintered nanowire-fabrics under washing. Further, the optimally sintered Dip-5 samples showed a significantly slower rate of increase in *ΔR/R*~0~ as compared to the optimally sintered Dip-3 samples. At an elevated temperature of 70 °C and 40% RH, the *ΔR/R*~0~ increased by 126% and 35% for as-deposited Dip-3 and Dip-5 samples respectively (Fig. [5d,e](#Fig5){ref-type="fig"}). The increase in *ΔR/R*~0~ was significantly lesser for the IPL sintered samples, i.e., 84% and 16% increase for Dip-3 and Dip-5 samples respectively. Again, the rate of increase in *ΔR/R*~0~ was much lesser for the Dip-5 samples than for the Dip-3 samples. At 70% RH and room temperature, the resistance of the as-deposited samples increased rapidly, likely due to oxidation^[@CR33]^ (Fig. [5f,g](#Fig5){ref-type="fig"}). However, IPL sintering improved the stability under humid conditions by nearly twice as much as compared to the as-deposited samples. For this higher humidity case, the rate of increase in *ΔR/R*~0~ was quite similar for both Dip-3 and Dip-5 IPL sintered samples. These results show that IPL sintering results in greater stability to mechanical, environmental, and washing stresses. Further, based on the rate of change of *ΔR/R*~0~ in the above tests, that the optimally IPL sintered Dip-5 samples exhibit even better stability than the optimally IPL sintered Dip-3 samples. Greater insight into this increased durability is provided by the results from computational modeling.

Joule Heating Test {#Sec5}
------------------

Figure [6a](#Fig6){ref-type="fig"} shows the evolution of average temperature of the as-deposited and IPL sintered nanowire-fabrics under 1 V applied voltage. The temperature increases rapidly upon applying voltage, until it reaches saturation at around 120 seconds due to balance of thermal losses with joule heating. A higher voltage of 1.2 V led to blackening of the fabric indicating fabric damage due to excessive heating. Since heat generation in the Ag nanowire-fabrics is due to Joule heating^[@CR9],[@CR10]^, a lower sheet resistance leads to higher *Q*, which leads to higher steady-state temperature for the same applied voltage. IPL sintering enhances the Joule heating by enabling an increase in the *ΔT* of nearly 10 °C (26--30% increase) for both Dip-3 and Dip-5 samples (Fig. [6a](#Fig6){ref-type="fig"}). The maximum *ΔT* of 32 °C, reached for IPL-sintered Dip-5 Ag nanowire-fabric, is quite close to the required value of 35 °C for personal heating patches on garments^[@CR26]^. Figure [6b](#Fig6){ref-type="fig"} shows the temperature response of the optimally IPL-sintered Dip-5 Ag nanowire-fabric, for ten repeated on/off voltage cycles with 2 minutes on time and 2 minutes off time. The heating and cooling response and the maximum saturation temperature are preserved with high repeatability, indicating high thermal stability of the IPL-sintered patches under cyclic operation.Figure 6Joule heating test for the fabricated Ag nanowire-fabric patch. (**a**) Average temperature profile of the Ag nanowire-fabrics under 1 V applied voltage. (**b**) Average temperature response of optimally sintered Dip-5 patches over ten on/off cycles (2 min at on state and 2 min at off state) under 1 V applied voltage.

We note that the reduction in sheet resistance from unsintered to optimally IPL sintered samples is around 30%, which results in the observed increase in steady-state-temperature during device operation. The durability tests show that for the optimally IPL sintered Dip-5 samples (highest conductivity achieved after IPL) the increase in sheet resistance after mechanical bending, high temperature test, high humidity test and washing tests is only around 10--15%, much lesser than the reduction as compared to the unsintered fabric enabled by IPL. Thus, the rise in temperature of the optimally IPL sintered Dip-5 patch after washing/heating/bending will still be higher than that of the unsintered patches which are not exposed to these conditions, and will definitely be higher than the unsintered patches that are exposed to these conditions.

Nanoscale Optical and Thermal Modeling {#Sec6}
--------------------------------------

Finite Element Analysis (FEA) of optical absorption and heat transfer were combined to understand nanoscale temperature evolution during IPL sintering. A representative geometry consisting of Ag nanowires wrapped around a polyester fiber in two layers was considered (Fig. [7a](#Fig7){ref-type="fig"}) for optical and thermal simulations, to emulate nanowires coated on to the individual polyester fibers. The symmetry of the problem was used to model only half the geometry. Figure [7b](#Fig7){ref-type="fig"} shows the high energy dissipation density at the nanowire interfaces due to localized plasmon resonance. Hot spots were also observed at the nanowire-fiber interfaces but were significantly smaller than those at the nanowire-nanowire interfaces. The optical absorption spectrum (Fig. [7c](#Fig7){ref-type="fig"}) obtained by volume integration of the energy dissipation density shows two additional peaks besides the typical peak expected around 400 nm, likely due to the effect of the polyester fiber substrate.Figure 7Optical and Thermal Modeling. (**a**) Schematic of modeled geometry. (**b**) Power dissipation density contours (in W/m^3^) for 450 nm wavelength and incident field intensity of 1 V/m. *E* shows direction of electric field polarization and *k* shows direction of wave propagation. (**c**) Calculated optical energy dissipated in the nanowires for a 1 V/m incident electric field. Calculated temperature contours (°C) at end of pulse duration for (**d**) nanowire-fiber ensemble and (**e**) for the fiber only. (**f**) SEM images of the Ag nanowire-fabrics for 10 kW/cm^2^ irradiance and 300 µs pulse duration. (**g**) Embedding of nanowires into the polyester fiber surface. (**h**) Sintering of nanowires at their contacts.

This absorption spectrum was used, along with the manufacturer-specified energetic spectrum of the xenon lamp, to obtain total thermal dissipation for 10 kW/cm^2^ incident irradiance as described in previous work^[@CR46]^. Since the nanowires have high aspect ratios and high thermal conductivities their Biot number is low and the effect of thermal conductivity within the nanowire assembly is negligible. Thus, the above obtained total thermal dissipation was assumed to be uniformly distributed for each nanowire and local temperature gradients in the nanowires were ignored. Conductive and convective losses were allowed from the nanowires and the fibers with the boundary conditions described in the Methods section. The thermal simulation was performed for pulse duration of 300 µs, corresponding to the optimal pulse irradiance and duration for the Dip-5 samples. Figure [7d](#Fig7){ref-type="fig"} show the temperature at the end of the pulse for the nanowire-fiber ensemble. The nanowires not in contact with the polyester fiber are at significantly higher temperature than the nanowires below it, with hot spots being created at the nanowire-nanowire interfaces. This is because the polyester fiber acts as a heat sink for the nanowires directly in contact with it, which is not the case for the other nanowires. Thus, a significant difference in temperature can be expected through the thickness of the nanowire coating, since the actual nanowire network does have much more than two layers of nanowires. The nanowires closer to the fabric will have lower temperatures than those above them due to the fiber acting as a heat sink. Figure [7e](#Fig7){ref-type="fig"} shows that the temperature at the fiber core only goes up to 46.5 °C and the maximum fiber temperature does not exceed 52 °C. A local radial temperature gradient is also created on the fiber surface around the nanowire-fiber contact points, with the peak temperature in this region matching that of the nanowires in contact with it. The maximum temperature gradient was at the nanowire-nanowire interface, of order of magnitude 10^10^ K/m, with a temperature gradient of 10^8^ K/m at the nanowire-fiber interface.

We also note that while a different direction of polarization will change the thermal absorption contours slightly (Supplementary Fig. [S4](#MOESM1){ref-type="media"}), the low Biot number will result in insignificant temperature gradients in the nanowires themselves. Therefore, the location of the temperature gradients in the fabric will not change while the magnitude will. Further, since the nanowires are randomly oriented the polarization direction with respect to nanowire axes will change at different local spots on the fabric (likely including the configuration modeled here). The developed model does not capture all likely configurations of nanowires with respect to the incident field polarization but still does illustrate the phenomenon of local temperature gradients in the fabric.

This temperature profile also provides insight into the increase in durability of the nanowire-fabrics after IPL sintering. While the peak fiber temperature does not exceed its typical softening (glass transition) temperature the thermal expansion coefficient of polyester (≈123.5 K^−1^) is significantly greater than that of silver (≈19.5 K^−1^). Thus, during the IPL pulse the radial region of the fiber at the nanowire-fiber interface, that has the above mentioned radial temperature gradient, will expand by about 6 times more than the nanowire. The nanowires will locally sink, due to their weight, into the resulting trough temporarily created in the fiber surface. When the pulse is turned off the resulting thermal contraction will result in the nanowires being encapsulated partially by the surrounding contracting polyester material. Indications of this behavior can also be seen in SEM images in regions where the nanowire-fiber contact is exposed (Fig. [7g](#Fig7){ref-type="fig"}), which show that after IPL the nanowires seem to be partially embedded into the surrounding polyester while neck growth between nanowires happens simultaneously (Fig. [7h](#Fig7){ref-type="fig"}). Such localized embedding of nanowires into the underlying substrate is known to increase durability under mechanical loading^[@CR15],[@CR47],[@CR48]^. The nanowire embedding will also reduce the active surface area of silver (which is more hydrophilic than polyester) available for degradation under humid, washing and high temperature conditions. This is why the durability of the IPL sintered fabrics is greater than that of the unsintered fabrics. Meanwhile, it was clearly observed that the nanowires not in contact with the fiber are fused at their contacts (Fig. [7h](#Fig7){ref-type="fig"}), corresponding to the result of the optical-thermal simulation which shows the hot spots are created at the nanowire-nanowire interfaces (Fig. [7b,d](#Fig7){ref-type="fig"}). Thus, the simulations are in good agreement with the experimental results.

Discussion {#Sec7}
==========

This work demonstrates ultra-high speed intense pulsed light (IPL) sintering of Ag nanowires on woven polyester to fabricate highly electrically conductive Ag nanowire-fabrics usable as joule heated patches for the personal thermal management. We show that IPL sintering improves the electrical conductivity of the Ag nanowire-fabric from the dip-coated state, resulting in a lowest sheet resistance of 0.46 ohm·sq^−1^. IPL sintering also significantly increases the device durability under mechanical bending, washing, high temperature and high humidity conditions, despite the absence of any additional coating on the nanowire network. The IPL sintered samples undergo nearly 26--30% greater temperature rise as compared to the conventionally fabricated dip-and-dry nanowire-fabric during joule heating, at a low applied voltage of 1 Volt. This performance is met by the optimally sintered Dip-5 samples, as discussed in the experimental results section. Further, for these optimally sintered fabrics the added nanowire mass was only 0.33 mg·cm^−2^. The optimum IPL sintering was performed here at room temperature and under ambient conditions in just 300 microseconds (Dip-5 case).

We note that the thermal performance of the patch is not dependent just on the increase in temperature per unit voltage but also on the area over which this temperature rise occurs. A higher temperature rise (*∆T*) per unit voltage (*V*) is desirable over the largest patch area (*A*) possible is desirable. Thus, we use the term *A∆T/V* as an index of thermal performance of the patch to compare the optimally fabricated patch in this work to literature (Table [2](#Tab2){ref-type="table"}). For our fabrics, a higher temperature rise can be achieved over a larger patch at a similar voltage resulting in a 70% higher index of performance than in the state-of-the-art. Further, within the scope of the data available in literature for Ag nanowire-fabrics, the added nanowire mass in this work is only half of that in previous work^[@CR7]^. Thus, IPL sintering reduces the cost of the personal thermal management patch while increasing the device performance and increasing the durability under mechanical, washing, and environmental stresses without any additional coatings.Table 2Comparison of performance of heating fabrics. Dash indicates that data was not provided.Nanomaterial & FabricPatch Size \[cm^2^\]Resistance \[ohm/sq\]Thermal Power \[kW/cm^2^\]Nanowire Mass \[mg/cm^2^\]*ΔT* \[°C\]*A(ΔT/V)* \[cm^2^°C/V\]Ref.CNT, Cotton450000.04---204^[@CR13]^CNT, Cotton6.5------2.93414.3^[@CR7]^Ag nanowire, Cotton6.5------0.631169^[@CR7]^Ag nanowire, Nylon6.310.36---35145^[@CR32]^Ag nanowire, Cotton47.130.04---33132^[@CR44]^This Work90.460.240.3332288

The experimental observations in this work show that there is a fairly narrow window of pulse irradiance within which IPL sintering reduces the nanowire network resistance, and that the resistance also depends on the IPL pulse duration and the added nanowire mass. We also observe that excessive irradiance and pulse duration can reduce conductivity, due to evaporation of the Ag nanowires. The optical-thermal modeling provides greater insight into the process, indicating that there can be a significant difference in temperature through the thickness of the nanowire coating and radial temperature gradients at the nanowire-fiber interfaces. Based on the observed temperatures, a differential thermal expansion based nanowire embedding mechanism is proposed to explain the increased durability observed after IPL sintering. Since the IPL sintering process can be performed over an area of 12 inches by 1 inch in the same time, and without any additional changes to the setup, the throughput of IPL sintering in this work is limited only by the size of the sample used here and not by an inherent characteristic of the process. In fact, the compatibility of IPL sintering with large-area roll-to-roll deposition has been previously demonstrated^[@CR49]^. Thus, the IPL sintering technique has the potential to be a key technology for scalable and cost-effective mass manufacturing of Ag nanowire-fabric heating patches that can be easily integrated with readymade garments.

Methods {#Sec8}
=======

Material preparation and fabrication of Ag nanowire-fabrics {#Sec9}
-----------------------------------------------------------

Woven polyester fabric patches measuring 30 mm × 30 mm (500 μm thickness) were cleaned using ethanol (99.5%). Dip-coating was employed as a nanowire deposition technique, due to its simplicity and reproducibility. Ag nanowires (100 nm in diameter, 100--200 μm in length; ACS materials) were dispersed in ethanol to form a 2 mg·ml^−1^ suspension. The cleaned polyester fabric patches were vertically immersed into the Ag nanowire solution for 2 minutes and then dried at room temperature for 30 minutes. This process resulted in the surface of the polyester fabric being coated with Ag nanowires, driven by capillary forces generated at the fabric-liquid interface during solvent evaporation^[@CR42]^. The number of dip coating cycles was varied from one to five, effectively changing the added nanowire mass. The quantity of added nanowire mass was obtained by measuring the change in mass of the nanowire-fabric after every coating cycle.

Intense pulsed light sintering of Ag nanowire-fabrics {#Sec10}
-----------------------------------------------------

The above prepared Ag nanowire-fabric patches were exposed to IPL at room temperature and under ambient environmental conditions outside a chamber (Fig. [1a](#Fig1){ref-type="fig"}). The IPL system used here (Sinteron 3000, Xenon Corp., USA) consists of a xenon flash lamp with a reflector, a power supply and a pulse controller. The optical power from the lamp is distributed over a broad spectrum from 350 nm to 800 nm. The dip-coated samples were placed on a sample stage at 1 inch distance from the lamp, such that the optical footprint of the pulsed light at the substrate was approximately 12 inches × 1.2 inches. The optical energy output per pulse from the lamp (*E*~*p*~) is controlled by changing the pulse duration *t*~*on*~ (microseconds) and the lamp voltage *V*~*L*~ (volts), as per the relationship supplied by the lamp manufacturer *E*~*p*~ = (*V*~*L*~/3120)^2.4^ × *t*~*on*~. In this work, the number of IPL pulses was fixed at one. The IPL irradiance was changed from 6 to 16 kW/cm^2^ by changing the voltage from 2 to 3 kV and changing the pulse duration from 100 µs to 500 µs (Table [1](#Tab1){ref-type="table"}).

Characterization {#Sec11}
----------------

The surface microstructure of the Ag-fabrics was examined via scanning electron microscopy (SEM) and the changes in crystal structure identified using X-ray diffraction (XRD, CuK radiation). To evaluate electrical conductivity copper tape electrodes were adhered to the Ag nanowire-fabric, using silver paste to minimize the contact resistance between the electrodes and the nanowires (Fig. [1b](#Fig1){ref-type="fig"}). The resistance across the electrodes was then measured using a Keithley 2400 C source meter. The mechanical stability of the nanowire-fabrics was investigated via cyclic bending to a radius of 2 mm, with the resistance change measured every cycle in the first 10 cycles and then every 10 cycles till a total of 100 cycles. The mechanical tester consisted of two aluminum clamps with insulating glass and a motorized stage (Thorlabs; LTS150). One clamp was fixed while the other was attached to the motorized stage. The fabric was initially kept straight. During the test, the stage moved cyclically by a displacement of 5 mm, causing the fabric to bend repeatedly. To simulate washing, the Ag nanowire-fabrics were stirred at 500 rpm in distilled water at 30 °C for 20 min and the change in resistance after multiple washing cycles was measured after the samples were dried. Environmental testing of the nanowire-fabrics was performed in an environmental chamber (Folyon H-300) at temperature and relative humidity (RH) of 25 °C-75% RH and 70 °C-40% RH, to capture changes in patch resistance induced by both ambient temperature-high humidity and high temperature-low humidity conditions. To evaluate the heat generation capacity of the patches, a constant DC voltage of 1 V was applied (using a power supply Protek; 18020 M) across the copper electrodes of each nanowire-fabric for 120 seconds, while using an infrared camera (Micro-Epsilon; TIM400) to measure temperature evolution.

Modeling {#Sec12}
--------

The wave optics module in COMSOL was used to perform optical FEA simulations under the harmonic assumption^[@CR50],[@CR51]^ to predict optical energy dissipation in the Ag nanowire and polyester fiber ensembles (Supplementary Fig. [S3-a](#MOESM1){ref-type="media"}). The diameters for Ag nanowires and polyester fiber were 100 nm and 15 µm, respectively. The fiber diameter was obtained from SEM images. The ensemble was embedded in a layer of air, surrounded by a perfectly matched layer (PML) with a scattering boundary condition on the outer surfaces. The incident electric field had a magnitude 1 V/m. The electric field polarization was along to the axis of the top layer nanowire to minimize the coupling of the optical field into the nanowire ensemble, as a conservative condition^[@CR52]^. The wavelength dependent real and imaginary refractive indexes of Ag were obtained from Johnson and Christy's work^[@CR53]^. The refractive index of the polyester was fixed at 1.5. The mesh sizes, size of air shell and size of the perfectly matched layer were refined till their effect on the predicted absorption and scattering curves was negligible. Perfect electric conductor boundary conditions were used at the air-PML interfaces that were normal to the electric field polarization direction. The thermal model consisted of the geometry shown in Supplementary Fig. [S3-b](#MOESM1){ref-type="media"} with symmetric boundary conditions as shown. Convective losses were specified from all surfaces, except the symmetric boundaries, with convective loss coefficient of 10 W/m^2^-K.
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